is decreased 95 to 99% by R-8 2 treatment .
tions of certain rifamycin derivatives iru1ibits focus formation (24) .
The focus inhibitory activity of the derivatives correlated with their ability to inhibit viral RNA-dependent DNA polymerase in vitro. They therefore suggested that rifamycin'derivatives inhibit transfonnation by inhibiting the viral enzyme. However, thepresence of these rifamycin derivatives in the growth medium caused considerable reduction in cellular proliferation and thus prevented the direct examination of the effect of these compounds on virus infection and reproduction. Therefore, it had not been determined whether rifamycin derivatives block the initiation of viral development by inhibition of viral RNA-dependent DNA polymerase or if they interfere withcontinued virus replication.
A nwnberof new rifamycin derivatives synthesized in this laboratory have been shown to be inhibitors of murine leukemia virus Rl\JA-dependent DNA polymerase (23) . One of these compounds, rifazone-8 2 (R-8 2 ) also ·selectively inhibits .the growth of RSV-transformed chick embryo cells in culture and prevents virus-induced focus formation (2) .The low concentrations (3 to 15 \Jg/ml) at which R-8 2 inhibits transformed cell functions permit the continued growth of normal cells (2) . It is this .. 
MATERIALS AND MElliODS

Cells and viruses:
Primary cultures were prepared from 10-day old C/0 SPF chick embryos as described previously (2, 3, 19) . Prague C Rou:S sar<7oma virus (PR-e RSV) ru1d a trru1sfor.matuon-defective derivative, td-PR-C 5431, were used in these studies. Cells were generally infected at a multiplicity of 0.05 focus-forming units (FFU) of PR-C per cell at the time of primary seeding. In parallel cultures, equivalent amounts of td PR-C virus stocks were added. For some experiments, as indicated i~ the figure legends, cells were infected af~er the secondary seeding, 4 days after the preparation of primary cultures. Secondary cultures were seeded at 2.5 x 10 6 cells per 60 mm dish in 5 ml of medium. The medium was removed after 4 hours and virus was added in a total of 0.5 ml. The virus-containing medium was removed after 1 hour and fresh medium added.
Growth of cells in the presence ofR-8 2 :
All experiments were performed with secondary cultures. For cells infected at the time of primary seeding, R-8 2 ·(dissolved in DMSO, 15 Jlg/ml final concentration) was added 4 hours after secondary seeding in medium 199 containing tryptose phosphate broth (2%), calf serum (2%), heated chick serum (1%) and 0.011 M glucose. Cultures infected after secondary seeding were treated with R-8 2 1 hour after the addition of virus. Infected control cultures were prepared in the same marmer except that 0.015% DMSO was added. In addition, uninfected R-8 2 treated and untreated chick cells were prepared. Every 24 hours the virus-containing media were collected and stored at -70°C and were replaced with fresh media with R-8 2 or D\1SO. Cell growth was monitored by counting sister cultures in duplicate in a Coulter counter .. For inhibition studies rifamycin derivatives (10 mg/ml) were dissolved m ~50 and were diluted to the desired concentrations before addition to the reaction mixture. The react:lons were always initiated by the addition of the enzyme, allowing no pre-incubation with the inhibitors.
Estimation of virus production by measurement of ~~-dependent DNA polymerase activity:.
The media collected from growth experiments were centrifuged at 8000 x g for 10 minutes to remove cell debris. Virus was pelleted by centrifugation at 25,000 rpm in the Spinco #30 rotor for 1.5 hours.
The pellets were resuspended in standard buffer (4) (0.01 ~1 Tris, pH 7.4, Mter removal of residual R-8 2 ,resuspended virus preparations from growth e:Xperiments (described above) were diluted from 10 1 to 10 5 -fold and the number of focus-forming units (FFU) in each sample was determined as previously described (2, 20) .
Labeling of viral ~\I.A:
Cultures of virus-infected cells were labeled by the addition of 3 Huridine {New England Nuclear, 39 Ci/nnnole) at a final concentration of 20 ~Ci/mL Mter 8 hours the medium was collectedand labeled virus particles·were analyzed by sucrose density centrifugation.
Virus 2urification:
Virus particles were pelleted from clarifiedmedium as described above. Mter resuspension in standard.buffer, virus particles were sub-. jected to isopycnic centrifugation (2 hours at 45,000 rpm in the Spinco SW 50.1 rotor) in a 20 to 55% sucrose gradient prepared in standard buffer.
The gradients were fractionated and labeled virus was precipitated with TCA, collected on Millipore filters and quantified by liquid scintillation counting.
Rifamycin derivatives:
The synthesis of the rifamycin derivatives has been described pre-. viously (25' 26) The capacity of R-8 2 to inhibit RSV focus formation has been described (2) . \~ile small variation due to sub-group specificity of the virus was observed, direct addition of 10 to 15 ~g/ml of R-8 2 to the agar-medium inhibited the number of visible foci by more than 95%.
The degr~e of this inhibition was dependent on the time at which the foci were scored. It was therefore suggested that in addition to possible inhibition of initiation, the growth of the foci was inhibited by additional mechanism. Ting et al. found that pre-incubation of murine sarcoma virus with 100 ~g/ml of a number of rifamycin 4erivatives resulted in greater than 95% inhibition of focus-forming ability of the treated virus (24) . In this case, the decrease of viral infectivity was attributed to the concomitant loss of viral RNA-dependent DNA polymerase activity.
The effect of R-8 2 on the enzymatic activity of RNA-dependent DNA polymerase activity partially purified from a transformed line of mouse embryo cells has been reported (23) . Since only RSV-infected cells were used in the studies described in this report, the inhibition of RSV DNA polymerase activity by R-8 2 was tested and compared to other rifamycin derivatives (Table l) .RNA-dependent DNA polymerase was purified by glycerol gradient centrifugation from detergent disrupted RSV.
The assays were performed in the presence of 0.0015% Triton X-100, a detergent concentration which increases the catalytic activity of the enzyme but does not interfere with the effectiveness of the derivatives • -8-as polymerase inhibitors (22) .~0f the numerous rifamycin derivatives tested in this laboratory, R-8 2 proved to be one of the most potent inhibitors of RSV DNA polymerase. The inhibition of enzyme activity is relatively independent of the t~nplate-primer used in the assay (Table 1 ), suggesting that the drug acts directly on the polymerase.
Pre-incubation of Rous sarcoma virus with R-8 2
The study of the effect of R-8 2 on virus reproduction required the presence.of the derivative in the culture medium.Thus the virus particles synthesized during the co~rse of the experiment would be extruded into the medium and remain in contact with R-8 2 .
Since R-8 2 was found to be a powerful inhibitor of the viral DNA polymerase, it was essential to determine the effect of R-8 2 on the infectivity of the RSV virions.
Prague C RSV (PR-C RSV) was incubated with either 15 or 100 ~g/ml of R-8 2 in growth medium at 37°C. At the specified times, the virus was diluted 10 2 -to 10 4 -fold and used to infect the cells. After 1 hour of adsorption the virus was removed and the infected cells were overlaid with agar as described (2, 20) . The effect of pre-incubation of PR-C RSV with R-8 2 on the subsequent focus-forming ability of the virus is shown in Table 2 . Pre-incubation with 15 ~g/ml of R-8 2 for 5 minutes had no effect on the virus infectivity, and after 1 hour of treatment the virus titer sho~oda slight increase. Even after 6 hours of pretreatmen~ the presence of 15 ~g/ml R-8 2 had no adaitional effect on virus infectivity (C. Szabo, unpublished data). However, a significant loss of viral infectivity was seen after pre-incubation with 100 ~g/ml of R-8 2 for 5 minutes, and after 1 hour in the presence of the drug, the focus-forming ability 0 u -9-of the virus was inhibited by 99%. The harmless effect of 15 ~g/ml of R-8 2 on intact virus simplifies the interpretation of experiments examining RSV reproduction in the presence of the drug. R-8 2 at a concentration of 15 ~g/ml inhibited viral DNA pol~nerase activity by greater than 95% (Table 1 and unpublished results), blocked focus-formation when added directly to the agar-medium (2), but had negligible effect on viral infectivity with pre-incubation ( Table 2 ).
The profound effect on infectivity at high concentrations (100 ~g/ml) Secondary cultures of cells were exposed to PR-C RSV for one hour.
The virus-containing medium was removed and fresh medium containing 15 JJg/ml of R-8 2 was added. Medium \vas collected and changed every 24 hours.
As shown in Table 3 , there was a tlvo-fold reduction in focus-forming titer after one day of R-8 2 treatment and by three days infectious virus production was inhibited by greater than 99%.
To test whether non-infectious particles were being produced, or if physical particle production itself had been reduced, the culture 1nedium
was assayed for RNA-dependent DNA polymerase activity. To eliminate interference by R-8 2 in the assays, virus particles were collected by centrifugation and resuspended in Tris buffer. Furthermore, the enzyme assays were performed in the presence of 0.2% Triton X-100, a detergent concentration which prevents all R-8 2 inhibition of enzyme activity (22) .
To avoid the effects of a reduced rate of cellular proliferatio11 (24) on 0 u -11-' .
~ progeny particle production, identical growth experiments were also performed with cells infected with the transformation defective virus described above. As illustrated in Fig. 2 , after three days virus particle synthesis in the presence of R-8 2 was only 15% that of the control cultures. The extent of inhibition of physical particle production was nearly identical for cells infected with either PR-e (Fig. 2a) or td PR-e RSV (Fig. 2b) . (Table 2) while physical particle production was decreased only 10-fold (Fig. 2) .
Effect of R-8 2 on virus reproduction in infected cultures
Infection of cells with either PR-e RSV or td PR-e at low multiplicity replication.
-f2-Addition of 15 l-lg/ml of R-8 2 two days after secondary seeding of PR-C transformed cells resulted in a reduction in the focus-fonning titer of the progeny virus to only 6% of that of control cultures after 24 hours of treatment (Fig. 3a) . A twenty-fold decrease in the focusforming titer was maintained after the second and third days of drug treatment.
On the other hand, R-8 2 treatment reduced PR-C virus particle production by only 10% after 24 hours and 50% after 48 hours (Fig. 3a) .
The decreased rate in PR-C production after two and three days of R-8 2 treatment probably reflects the toxic effect of the drug on the transformed cells, since treatment of cultures identically infected with td PR-C resulted in almost no change in the synthesis of progeny virus particles · (Fig. 3b) .
As in other expernnents, the results presented in (Fig. 3) . As expected, virus particle production in the R-8 2 treated cultures appeared to remain relatively constant during the three days of drug treatment.
As in previous experiments the focus forming titer of progeny virus was drastically reduced by R-8 2 treatment (Fig. 4a) . A reduction of more than 95% in infectious particle synthesis was detected by 24 hours after R-8 2 addition while physical particle production was only slightly affected at that time (Fig. 4a )~
The measurement of viral RNA-dependent DNA polymerase activity generally yields a good estimation of the relative amount of virus particl~s. However, since R-8 2 is an inhibitor of this enzyme, an additional technique was employed for studying the effect of the drug on virus particle production. Infected cultures were labeled with 3 H-uridine in the presence or absence of R-8 2 and the synthesis of labeled virus was monitored by sucrose density centrifugation.
Maxed cultures were infected and treated with R-8 2 as described above. After 48 hours of treatment with R-8 2 , cultures were labeled for eight hours with 3 H-uridine. The inhibition of virus particle production by R-8 2 as measured by 3 H-uridine incorporation (Fig. 5 ) was comparable to the decrease in viral DNA polymerase activity (Fig. 4) .
The total amount of 3 H-label recovered at the buoyant density (1.16 -1.18 g(cm 3 ) of the virus was reduced approximately 3-fold after R-8 2 treatment of PR-C transformed and two-fold after treatment of td PR-C infected cells (Fig. 5) . The physical particle inhibition observed by measuring the viral RNA-dependent DNA polymerase activity was 3.4-and 1.7-fold, respectively (Fig. 4 ). These studies were perfonned by pre-incubation of the virus with high concentrations (100 ~g/ml) of the derivatives and removal of the derivatives by washing and dilution before testing the focus fanning titer and VNA polymerase activity of the treated virus. 'D1ese workers suggested that the inhibition of the viral DNA polymerase was responsible for the observed focus inhibition. However, the interpretation of such experiments
is difficult· in the light of the work of Gurgo, et al. (27) in which all the cells are trimsfonned causes almost no decrease in particle production during the first 24 hours of drug treatment but results in a 95 to 99% reduction in focus-forming titer when the virus so produced is assayed in the absence of the dntg. Since a ftmctional viral RNAdependent DNA polymerase is not required for continued virus production (16, 27) , the loss of viral infectivity may then be the result of an alter-..... ation of some other viral component. \. One explanation for non-infectious virus production is that R..:8 2 binds to the polymerase as it is packaged into the virion at concentrations which do not inhibit the enzyme in vitro, but prevent reinfection, and -16-tlrus focus formation. For this interpretation to be' correct, the derivative must be packaged into the virion during its synthesis since 15 ~g/ml or R-8 2 has no effect on intact virions. Also, the binding of R-8 2 to (or in) the virus particle IIUlSt be extremely tight because the virions are washed and diluted before the assay of focus-forming ability.
Other possible mechanisms for non-infectious virus production could include interference with the assembly of the infectious virus. Glucosa- High concentrations of rifampicin have been found to inhibit the growth of pox viruses in tissue culture (21) . The antiviral effect appears to result from inhibition of late viral protein synthesis (10) as well as interference with virion assembly (17) . Alternatively, the non-infectious particle synthesis mediated by R-8 2 may be the result of interference with similar processes in the RSV growth cycle.
In summary, the anti-viral action of R-8 2 may be due, in part, to inhibition of viral RNA-dependent DNA polymerase activity and thus prevention of the initiation of RNA tumor virus infection. However, the most potent action of the derivative is the effect on virus infectivity. This effect on the infectivity of the virus appears to be a property was also determined and presented on a per cell basis. ..,, 
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